The brown marmorated stink bug, Halyomorpha halys (Stål) (Hemiptera: Pentatomidae), is an invasive agricultural pest in the United States with the potential to become a serious economic threat to Michigan agriculture. As a novel pest in Michigan's agroecosystems, the potential for a biological control program that utilizes existing natural enemies for H. halys is currently unknown. The present study identified potential H. halys egg predators and determined their effectiveness as biological control agents through functional response testing. Four generalist predators were selected based on video surveillance of sentinel egg masses in the field and through preliminary experiments. The predators were Acheta domesticus (L.) (Orthoptera: Gryllidae), Melanoplus femurrubrum (DeGeer) (Orthoptera: Acrididae), Orius insidiosus (Say) (Hemiptera: Anthocoridae), and Conocephalus fasciatus (DeGeer) (Orthoptera: Tettigoniidae), and each was tested against four densities of H. halys eggs: 26, 52, 78, and 104 eggs. A. domesticus was the only predator tested that exhibited a Type II functional response with non-negative estimates of handling time and attack rate, suggesting the potential to be a density-dependent mortality factor when H. halys egg densities are low. The theoretical maximum predation rates for female A. domesticus were 189 eggs (±95), or roughly seven egg masses. For males, the theoretical maximum was 116 eggs (±35), or 4.5 egg masses. The remaining predators tested exhibited a Type I functional response and are unlikely to be a stabilizing force in H. halys population dynamics.
Arthropod predators are a major source of mortality for many insect populations (Luck 1984 , DeBach and Rosen 1991 , Price 1997 , Symondson et al. 2002 and as such, are valued for their role in biological control for insect pests (Price 1997, Chang and Kareiva 1999) . Generalist predators are important sources of biological control due to their ability to persist on alternative prey in the absence of the target pest (Curry 1993 , Symondson et al. 2002 , Messelink et al. 2012 ) and for their impacts on pest populations during colonization, when populations of the pest are too dispersed or rare to support specialist predators (Curry 1993, Wiedenmann and Smith 1997) .
Understanding the effects of generalist predators on prey populations is key to developing sound pest management practices. The functional response of a predator defines the relationship between rate of prey consumption and prey density (Solomon 1949) , and allows the estimation of the daily maximum number of prey that can be attacked per predator (Holling 1959a) . Functional response experiments aim to understand the efficiency of potential predators and are a common method of assessing if a predator is a suitable biological control agent (Isikber 2005) by determining whether or not the predator contributes a stabilizing factor in predator-prey population dynamics Oaten 1975, Juliano 2001) . Holling (1959b) defined three functional response types; each type reflects differences in the proportion of prey killed during a fixed time frame. Predators with a Type I response show an increasing linear response where the number of prey killed per predator is directly proportional to prey density until satiation is reached; this type of response is density-independent (Hassell 1978) . In a Type II response, the number of prey consumed approaches an asymptote hyperbolically as prey density increases. The asymptote is the maximum attack rate. Type II includes a measure of handling time, which refers to the time it takes a predator to pursue, subdue, consume, and recover (Holling 1959b) .
The third form of functional response, Type III, is sigmoidal in shape with a slowly increasing attack rate at low densities (Hassell et al. 1977) . This type of response is density-dependent; predators respond to higher prey densities by consuming an increasing proportion of available prey. Natural enemies of this type may be considered effective biological control agents because pest populations are regulated as densities increase Oaten 1975, Hassell et al. 1977) . Thus, beneficial arthropod predators are typically classified as Type II or Type III (Murdoch and Oaten 1975 , Luck 1984 , Fernández-Arhex and Corley 2003 .
The brown marmorated stink bug, Halyomorpha halys (Stål) (Hemiptera: Pentatomidae), is an invasive agricultural pest and homeowner nuisance that is native to Asia (Hoebeke and Carter 2003) . H. halys was first discovered in the United States in 1996 (Hoebeke and Carter 2003) and has since spread to 44 states and four Canadian provinces (stopBMSB.org 2018) . Michigan is on the leading edge of the invasion from the Eastern United States with H. halys first detected in 2010 and currently reported in 55 counties (Wilson 2016) .
H. halys is highly polyphagous, attacking a wide range of ornamental plants and agricultural crops (Hoffmann 1931 , Hoebeke and Carter 2003 , Bernon 2004 . When introduced to an agroecosystem, H. halys quickly becomes the predominant hemipteran pest Hamilton 2009, Leskey et al. 2012) . In Michigan, the agricultural impact of H. halys has yet to be fully realized, but citizen science reports to the Midwest Invasive Species Information Network (MISIN; http://www.misin.msu.edu) have totaled 6,500 records in Michigan (Wilson 2016 ). Michigan's agroecosystems could face comparable economic losses to the mid-Atlantic region, which saw losses of more than $37 million in 2010 (U.S. Apple Association 2011), when H. halys colonized agricultural crops.
Targeting biological control efforts at recently colonized areas, such as Michigan, in advance of the main body of the invasion could have implications for slowing the spread of the invasion (Hajek et al. 1996 , Fagan et al. 2002 . Generalist predators have been shown to delay or eliminate the spread of invading species when applied to the nascent foci (Cook et al. 1995 , Ehler 1998 . Potential generalist predators of H. halys eggs have been identified. Predators in the families Acrididae, Anthocoridae, Coccinellidae, Forficulidae, Gryllidae, Miridae, Tettigoniidae, and the Order Araneae have been observed attacking H. halys eggs in previous field and laboratory studies (Morrison et al. 2016 , Ogburn et al. 2016 , Poley 2017 .
Video surveillance of H. halys eggs in the field revealed a complex of generalist predators in Michigan that will interact with and attack egg masses (Poley 2017) . From this, four predators were chosen to investigate predation efficiency: the house cricket, Acheta domesticus L. (Orthoptera: Gryllidae); the red-legged grasshopper, Melanoplus femurrubrum DeGeer (Orthoptera: Acrididae); the slender meadow katydid, Conocephalus fasciatus DeGeer (Orthoptera: Tettigoniidae); and the insidious flower bug, Orius insidiosus Say (Hemiptera: Anthocoridae). Orthopteran predators such as these have proven successful at exerting some measure of control against the egg stage of native stink bugs (Tillman 2011, Olson and Ruberson 2012) , but functional response for this prey type has not been described. Anthocorids have been recognized as egg predators of H. halys in its native range (Lee et al. 2013) and are commercially available for release as a biological control agent against various economically important pests including mites, whiteflies, thrips, and insect eggs (Xu et al. 2006) . The functional response of this piercing-sucking predator has been determined for many pests (i.e., Isenhour and Yeargan 1981 , McCaffrey and Horsburgh 1986 , Isenhour et al. 1989 , Coll and Ridgway 1995 , Rutledge and O'Neil 2005 but has not been described for pentatomids.
The purpose of this study was to better understand the potential ability of generalist H. halys egg predators to suppress pest populations when pest pressures are low. Our objective was to determine the relative efficiency of generalist predators as biological control agents to H. halys egg masses by determining their functional response in a laboratory environment.
Materials and Methods
We conducted replicated laboratory experiments using colony-reared H. halys egg masses originating from field populations in Michigan and New Jersey and generalist predators to explore the efficiency of these predators as density-dependent mortality factors. These experiments took place at Michigan State University, in East Lansing, MI (42.72° N, . We used a randomized complete block design with six blocks and four treatments. Time was the blocking term with one replicate for each predator each time.
Predator Screening
Predators were screened for their ability to consume, and their response to, H. halys eggs in no-choice conditions before use in functional response experiments (Table 1) . After a 24-h starvation period, predators were placed in a 473-ml (16 oz) deli cup (Deli Serve, WNA, Chattanooga, TN) arena with 110-mm filter paper (Cat No 1004 110, Whatman, Pittsburgh, PA) and an egg mass affixed to the bottom using permanent double-sided tape (Scotch, 3M, St. Paul, MN) . Frozen egg masses were chosen from those laid in the colony and stored in a −80°C freezer for a maximum of 4 wk before use. Egg masses ranged from 20 to 28 eggs per mass. The number of eggs per mass was not manipulated to minimize the impact of handling. Arenas were placed on a shelf and left under insectary conditions for 24 h. Black cardstock was placed in-between arenas, so predators were not able to see other predators. Trials were staggered due to predator availability. If no eggs were attacked in the first 24 h, predators were left for a second 24-h period, for a total of 48 h in the arena. F. auricularia and P. audax were kept in arenas until feeding or death occurred. Criteria for predators chosen for functional response testing were consumption of ≥1 H. halys egg during preliminary trials by >1 individual of predators tested. Individuals included in testing were used only once.
Functional Response
Four predators were chosen for functional response testing based on results of preliminary testing: A. domesticus, O. insidiosus, M. femurrubrum, and C. fasciatus. When available, 60 individuals of each predator were tested. If tested individually by sex, 60 individuals of each sex were tested. Individual predators were randomly assigned to one of the four prey densities, a positive control, or a negative control. The range of densities tested was 26 eggs (one mass), 52 eggs (two masses), 78 eggs (three masses), and 104 eggs (four masses). Frozen H. halys egg masses were standardized at 26 eggs per mass. This number of eggs was chosen because it was the average number of eggs per mass produced by our colony. Egg masses with densities of >26 had eggs carefully removed to reach the target density. The egg mass was soaked in deionized water for 30 s to loosen the individual eggs from surrounding eggs and the bottom substrate. Eggs were then removed using narrow-tipped featherweight forceps (BioQuip, Rancho Dominguez, CA) without damaging the remaining eggs on the mass. Each egg mass was inspected under a dissecting microscope before use in experiments to ensure that eggs were undamaged.
The length of time an egg mass was stored in the freezer varied for each predator experiment. This was unavoidable due to colony resources, labor, and space constraints in preparing standardized egg masses, and collecting and handling predatory taxa in advance of experiments. Frozen egg masses were prepared between February and June 2016, with the oldest eggs masses used first in trials. The length of egg mass storage for each predator was 8 wk for A. domesticus, 17 wk for O. insidiosus, 18 wk for M. femurrubrum, and 18 wk for C. fasciatus. Double-sided tape was used to secure egg masses (Morrison et al. 2016 ) to 4-× 22-mm fender washers. Clean play sand was applied to the excess tape areas. Fender washers were used to weigh down the egg masses, so the predator could not manipulate the masses and carry them out of the video frame. The exception to this method was O. insidiosus. O. insidiosus were directly observed as moving with seeming difficulty up onto the washer and over the sand covering the tape in advance of experiments. Therefore, these elements were removed from experiments. Egg masses were affixed directly to a filter paper on the bottom of the arena using nontoxic glue (Elmer's Products, Inc., Columbus, OH). Nontoxic glue on the filter paper in Petri dishes has been used in other predator-prey studies using H. halys eggs as prey (Abram et al. 2014 (Abram et al. , 2015 .
Egg masses were arranged 5 cm apart in the center of the arena (Fig. 1 ). For predators from abundant taxa where adults can easily be sexed from live individuals (A. domesticus and M. femurrubrum), 10 individuals of each sex were exposed to each prey density. Due to difficulty in determining sex of individuals without harming adults, 10 individuals were tested at each prey density for O. insidiosus. Due to rearing limitations, six females of C. fasciatus were tested at each density.
Arenas differed among predators due to differences in size between their respective taxa. A. domesticus, M. femurrubrum, and C. fasciatus were placed in polyethylene terephthalate (PET) plastic arenas measuring 19 × 18 × 10 cm (Paper Mart, Orange, CA). Play sand evenly lined the bottom of the arena at approximately 1 cm in depth to create a natural substrate. Sand was cleaned by rinsing three times with deionized water and then baked in a drying oven at 93°C for 4 h.
The arena for O. insidiosus was a 100-wide × 15-mm high Petri dish with moist filter paper as a substrate. Arenas were sealed shut using Parafilm stretched around the inside rim of the lid and modeling clay around the outside seam to keep humidity levels high and prevent predators from escaping. A mesh-covered vent was cut into the lid of the dish to prevent condensation buildup from obscuring the video image.
Predators were isolated in 473-ml (16 oz) deli cups and starved without water for 24 h prior to experiments. Predators were placed in the arenas by gently tipping starvation containers upside-down into arenas. O. insidiosus were introduced to arenas using a paintbrush. Experiments began at the same time every day, ±1 h. Predators were removed from arenas by hand after 24 h. Prey was not replaced throughout the experiment. Experiments were conducted under the same environmental conditions as predator storage. In each experiment, a predator was placed in an arena without access to prey as a control. Experiments were under video surveillance for the entire duration to calculate handling time of the predator. One arena was paired with one camera for each experiment. Video equipment was modified from Grieshop et al. (2012) (Fig. 2) . Modifications included the use of a 12 v AC to DC power supply as the power source and a single channel, high definition mini-DVR (model MDVR25HR, Supercircuits, Austin, TX). Cameras were placed directly above the arenas with the entire arena in the field of view. To reduce the amount of glare on the video, the lights were removed from the recording camera and a second camera was angled away from the arena to provide infrared light during the nighttime hours.
Due to the small size of O. insidiosus, handling time was collected through direct observation. Experiments were directly observed for 4 h after placement in the arena. The time from predator placement to discovery of the first prey item was recorded to the nearest second (i.e., attack rate) as well as the length of attack for that first prey item (i.e., handling time). After that, the time between discovery of the first and second prey item and the length of attack of the second prey item were recorded to the nearest second. This process was repeated until four prey items were attacked or until 4 h had passed. In addition, arenas were directly observed 12 h into the experiment for 1 h.
The number of eggs remaining after 24 h was counted and pictures were taken of each egg mass using a digital camera. An egg that is attacked by a stylet-sucking predator such as O. insidiosus was evidenced by a small hole or a stylet sheath on the chorion. The chorion would generally be intact but the contents would be dry. Therefore, pictures of eggs attacked by O. insidiosus were taken using a microscope camera (Dino-Lite Digital Microscope, Torrance, CA) to see the stylet sheath. Damage was defined as puncturing the egg chorion.
Data Analysis
Analyses were scripted and run in R Version 3.3.3 'Another Canoe' (R Development Core Team 2017) and run within the RStudio Integrated development environment 1.0.136 (RStudio Team 2015) . Data manipulation was conducted in the plyr package using ddply (Wickham 2011) , and figures were generated with ggplot2 (Wickham 2009 ). Correlation analysis was completed using the Hmisc package (Harrell 2017) . All data manipulations, analyses, and figure scripts, including the complete development history, are publicly available in a Github repository at https://github.com/ cbahlai/Poley_functional_response.
A one-way analysis of variance (ANOVA) was conducted to compare differences in the mean attack rate in 24 h at each prey density. The predation rate is defined as the number of prey attacked per predator per 24 h. When the overall ANOVA was significant, post hoc multiple comparisons among treatments were made using Tukey's Honest Significant Difference (Tukey 1953) . A t-test was performed to compare average predation rates between sexes of the same predator whenever applicable. Assumptions of normality and homogeneity of variances were met for one-way ANOVA and t-tests. Analyses were conducted on untransformed data. The level of significance for all tests was set to P = 0.05.
Attack Rate and Handling Time
Video observations allowed us to estimate the attack rate (a) and handling time (T h ) of each predator tested, with the exception of O. insidiosus, which was directly observed. The attack rate coefficient (a) is a measure of searching efficiency of the predator and can be related to random predator equation (3) by solving for a (Hassell et al. 1977) (1)
The attack rate was calculated for each recording of an attack event. The value of T was set to 24 h and handling time estimates were obtained from direct or video observations. Spearman's rank correlation (Spearman 1904 ) was used to analyze for density dependence of a and T h . The slope of the attack rate relative to prey density can be used to discriminate among functional response types. The observed handling times of each predator were compared using 95% confidence intervals. Overlapping 95% confidence intervals are considered not significantly different. Observed a and T h coefficients were compared with model outputs using a t-test.
Model Fitting
Discriminating between functional responses of Types II and III can be difficult (Trexler et al. 1988 ); therefore, model fitting was completed in two steps. A polynomial function was first fit to the data to determine the shape of the curve (Juliano 2001) . A logistic regression of the proportion of eggs eaten (N e /N 0 ) as a function of initial prey density (N 0 ) can provide a reliable determination (Trexler et al. 1988) , 
where P 0 , P 1 , P 2 , and P 3 are the intercept, linear, quadratic, and cubic coefficients, respectively. Coefficients were estimated using the method of maximum likelihood. A significant negative or positive linear coefficient (P 1 ) will determine whether the data fit a Type II or Type III curve, respectively (Juliano 2001) . After the shape of the curve was determined, the functional response parameters handling time and attack rate were estimated using the appropriate functional response equation. Experiments were conducted with prey depletion; therefore, the 'random predator equation' is the appropriate model because it accounts for changing prey densities (Rogers 1972) ,
where N e is the number of prey consumed by the predator, N 0 is the initial prey density, a is the attack rate, T is the amount of time the predator is exposed to the prey, and T h is the handling time associated with each prey consumed. Equation (3) models a Type II response with a constant attach rate (a). Holling's (1959b) disc equation (4) was also fitted to the data if the polynomial model (2) suggested a Type II relationship. The fit of equations (3) and (4) was compared using AIC values. Holling's disc equation assumes unchanging prey density (Royama 1971 , Rogers 1972 and therefore is expected to have a lower fit to our dataset,
Here, N a is the number of prey encountered, a is the attack rate, T is the amount of time the predator is exposed to the prey, T h is the handling time, and N t is the total prey available. Curve fitting using equations 2-4 was preformed using nonlinear least squares function in base R (R Development Core Team 2017).
Results

Preliminary Predator Testing
Of the 10 predator species initially tested, six species consumed ≥ 1 egg ( 
Attack Rate and Handling Time
No effect of block was detected in any analyses. There were significant differences in the predation rate among treatments for A. domesticus males and females (male: F = 12.87, df = 3, 36, P < 0.001; female: F = 14.99, df = 3, 36, P < 0.001), O. insidiosus (F = 2.90; df = 3, 36; P = 0.04), and M. femurrubrum females (F = 3.28; df = 3, 36; P = 0.03). There were no significant differences in predation rate for M. femurrubrum males (F = 1.23; df = 3, 36; P = 0.31) or C. fasciatus (F = 2.18; df = 3, 20; P = 0.12) ( Table 2 ). The predation rate of M. femurrubrum females was similar to that of males (t = −1.94; df = 69.05; P = 0.055). There was no significant difference in predation rate between sexes of A. domesticus (t = −0.62; df = 77.66; P = 0.53).
Handling time estimates from video observations and calculated attack rates are given for each predator in Table 2 , with the exception of O. insidiosus, which was not directly observed attacking eggs during the 5 h of observation. Spearman's rank correlation showed that observed handling time significantly decreased with increasing prey density for A. domesticus males (r s = −0.51, P = 0.0002) and females (r s = −0.54, P = 0.0007) and showed a weak positive correlation for C. fasciatus (r s = 0.45, P = 0.0282). Handling time was not different between sexes of A. domesticus (t = −0.077; df = 53.17; P = 0.44) or M. femurrubrum (t = −0.053; df = 67.28; P = 0.59, t-test). The handling time of M. femurrubrum males and females was significantly lower than any other predators. A. domesticus males and females demonstrate the longest handling time on average (Table 2) .
Spearman's rank correlation also showed that calculated attack rates significantly decreased with increasing prey density for A. domesticus males (r s = −0.59, P = 0.0002) and females (r s = −0.72, P < 0.0001). Density dependence in attack rate suggests a Type II response for A. domesticus. There was no correlation between attack rate and prey density for any other predator. Attack rates were not different between males and females (A. domesticus: t = 0.23; df = 68.9; P = 0.81; M. femurrubrum: t = 1.55; df = 38.7; P = 0.12). Observed attack rates were greatest for A. domesticus and least for M. femurrubrum females (Table 2) .
Functional Response
Logistic regression of equation (2) revealed significant linear parameters for A. domesticus males (P < 0.05) suggesting a Type II functional response (Table 3) . Linear parameters for A. domesticus females also indicated a Type II response, although the parameters were not significant (P < 0.1). The linear parameter for O. insidiosus, M. femurrubrum females, and C. fasciatus was negative but not significant, indicating weak evidence for a Type II response. The linear parameter for M. femurrubrum males was positive, suggesting a Type III functional response. However, this parameter was not significant so a Type I response was fit to the data (Table 3) .
All A. domesticus individuals tested consumed ≥ 1 egg from an egg mass, with the exception of one male. Considering all eggs given across replicates, 26.1% were left uneaten by females and 31% by males. When presented with one egg mass, females consistently consumed all eggs with the exception of one female that consumed 16 eggs. Males also consumed all eggs when given one egg mass except for two individuals that left one and seven eggs uneaten. Random predator equation (3) provided a better fit but Holling's disc equation (4) provided estimates of handling time and attack rate ( Table 4 ). The theoretical maximum predation rates (T/T h ) for females were 190 eggs (±95), or roughly seven egg masses assuming 26 eggs per mass. For males, the theoretical maximum was 116 (±35), or 4.5 egg masses.
Of the 40 O. insidiosus assayed, 25 consumed ≥ 1 egg and 11 consumed >1 egg. The maximum number of eggs consumed by one predator was seven and the mean was two. Logistic regression indicated that O. insidiosus exhibit a weak Type II response. The random predator equation provided the best fit but no viable estimates for T h could be produced. A Type I response produced a significant slope (Table 5) .
Of the 40 M. femurrubrum females tested, 22 attacked eggs during the experiment. Females consumed all eggs in a mass on 12 occasions and had a mean predation rate of 59.7% per mass. As with O. insidiosus, M. femurrubrum females exhibit weak evidence for a Type II response but no predictive parameters were produced. A Type I linear response produced a significant slope ( Table 5 ). The same proportion of M. femurrubrum males attacked eggs as females, but linear regression provided no evidence for a Type II response, so a Type I response was fit; this did not produce a statistically significant slope. Males consumed an entire egg mass on four occasions and the mean predation rate was 40.9% per egg mass.
Ten of the 24 C. fasciatus tested attacked ≥ 1 egg. There were no egg masses completely consumed. Maximum consumption across all replicates was 69% of one mass, with a mean of 32.6% eggs per mass. Linear regression showed weak indication for a Type II response but this did not produce viable estimates. A Type I response was fit to the data and the result was not significant.
Viable (non-negative) estimates for handling time and attack rate were produced only for A. domesticus (Table 4) . Handling time estimates produced by the model (Table 4 ) were significantly lower than estimates determined through video observations (Table 2) for both sexes of A. domesticus (male: t = 2.81, df = 37, P = 0.007; female: t = 5.81, df = 39, P < 0.0001). The opposite is true for attack rate, where estimates produced by the model were significantly higher than estimates produced through video recordings (male: t = −239757.4, df = 34, P < 0.0001; female: t = −204409.7, df = 35, P < 0.001).
Discussion
Determining the functional response of natural enemies will improve our understanding of their efficiency at potential population regulation. As H. halys expands its range across North America, the potential for a biological control program utilizing native natural enemies is uncertain. Understanding the responses of generalist predators native to regions in the leading edge of their invaded range will help guide management decisions for this novel pest.
Invertebrate predators are typically found to have Type II functional response in laboratory studies (Hassell et al. 1976 ), but our results suggest that, of the four predators tested, only the A. domesticus data were well described by a Type II response curve. We did find weak evidence for Type II responses in O. insidiosus and M. femurrubrum females. When curve-fitting a Type II response, random predator equation (2) consistently provided a better fit, but predictive estimates were produced by Holling's Disc equation (3). We were not, however, able to extract viable (non-negative) estimates of handling time or attack rate for O. insidiosus or M. femurrubrum females, indicating a Type I response better explained the data. M. femurrubrum males and C. fasciatus were not well-described by any response type, suggesting that the data are too variable or the range of prey densities was insufficient to obtain a meaningful result. Increasing the range of prey densities tested to include egg masses with fewer eggs per mass may provide a better understanding of the functional response types for these predators, but would not reflect the size of H. halys egg masses as found in nature, therefore making any biological control predictions difficult. Population models using random predator equation (2) have shown that predators with a Type II functional response cannot contribute to the stability of pest populations because it indicates an inverse density-dependent relationship (Murdoch and Oaten 1975); however, Fernández-Arhex and Corley (2003) argue that Types II and III may exert some degree of stabilizing force for certain invertebrates, based on a comparison of functional response types and degree of success as biological control agents as reported in the literature. Many studies have related functional response of natural enemies to their potential as biological control agents (van Lenteren and Bakker 1976, Hughes et al. 1992 , Berryman 1999 . In a review of literature on functional responses of biological control agents, Fernández-Arhex and Corley (2003) found that there is no general relationship between success in biological control and the type of functional response. This suggests that functional response is just one factor to consider when selecting for efficient biological control agents. Additional considerations of prey-predator dynamics such as prey preference, predator competition, and host patchiness can affect the efficiency of a biological control agent (Murdoch et al. 1985 , Obrycki and Kring 1998 , Pervez and Omkar 2005 , Farhadi et al. 2010 .
The attack rate and handling time estimated by the models and video observations were substantially different between and among predators, which indicates differences in each predator's ability to respond to changes in prey density. Differences in these values could be attributed to predator size, satiation time, and speed of digestion (Pervez and Omkar 2005) . These factors should be included in further studies before considering these predators as part of a management program. The attack rate was highest at low prey densities for A. domesticus and M. femurrubrum females. This relationship suggests that these predators may be most efficient at suppressing pests at lower population densities. A significant negative or positive linear coefficient will determine a Type II or Type III curve, respectively. *Significant P value produced (a = 0.05). Handling time estimated by functional response models includes time for resting, preening, and digestion (Holling 1965 , Hassell 1978 , which is difficult to observe in video recordings. Despite this, our handling time estimates were longer than those produced by the model for A. domesticus, the only predator for which we were able to retrieve viable estimates.
Testing only four prey densities could have been a limiting factor in this study leading to discrepancies between the model output and observed values for both attack rate and handling time. Including a greater range of prey densities in testing is likely to enhance our ability capture the shape of the functional response curve and produce improved agreement between these values.
There were no significant differences between sexes of A. domesticus or M. femurrubrum for attack rate or handling time; however, females of both species attacked a greater number of eggs than males. The ability of females to consume more eggs in a 24-h period could be attributed to differences in body size, delayed satiation (Mills 1982) , faster digestion (Pervez and Omkar 2005) , or reproductive processes like egg production (DeBach and Smith 1941) . Future studies involving A. domesticus as predators for biological control should consider testing different life stages to examine differences in these factors.
Due to limitations in colony production, egg masses used in testing were frozen and stored in a −80°C for varying lengths of time. This disparity in the age of frozen egg masses offered to predators could have influenced the results we obtained. Egg masses frozen for the shortest length of time (8 wk) were given to the predator that exhibited the only Type II response while egg masses frozen for longer (up to 18 wk) were given to predators that exhibited weak responses. Investigations into how parasitoids respond to, and develop in, frozen eggs has been completed (Haye et al. 2015 , Herlihy et al. 2016 , Milnes et al. 2016 ), but information on long-term storage of masses in a freezer before use, and how generalist predators respond to frozen eggs is not readily available. Effort should be made in future studies to be consistent in the age of prey given to predators.
We chose predators for preliminary testing based on results of sentinel egg studies and previous laboratory studies (Abram et al. 2015 , Ogburn et al. 2016 , Poley 2017 ) that demonstrated egg predation. Lack of consumption in our preliminary testing does not necessarily indicate poor potential as predators of H. halys eggs. As H. halys pest densities increase in our agroecosystems and these predators gain more experience with eggs as prey, we may see more efficient predation; however, there may be a considerable lag time before we can consider them as an effective source of population control (Carlsson et al. 2009 ).
Of the 10 predator species tested during preliminary experiments, C. maculata, H. axyridis adults and larvae, L. lineolaris, and P. maculiventris did not attack a single egg. Morrison et al. (2016) also tested these predators against H. halys egg masses, with the exception of L. lineolaris, and saw minimal consumption in a laboratory environment. In that study, one C. maculata and one H. axyridis individual attacked an egg mass out of 11 and 21 individuals tested, respectfully. However, seven of eight H. axyridis larvae tested attacked eggs. P. maculiventris were tested as nymphs and five of 44 attacked the egg mass. Abram et al. (2015) also tested C. maculata and P. maculiventris in the laboratory and found that both would consume H. halys eggs; however, they noted that C. maculata consistently attacked eggs but had difficulty breaking through the chorion.
We had moderate success with P. audax as an egg predator. Jumping spiders (Salticidae) have been found to attack sentinel egg masses in the field and are abundant in tree fruit where H. halys eggs are readily found (Morrison et al. 2016) . P. audax attacked eggs after 7 d or longer in the arena during our preliminary testing, suggesting that either the need for a longer starvation period or that the tendency of jumping spiders to be sit-and-wait predators (Riechert and Luczak 1982) is not conducive to capturing stationary prey. P. audax and other species should be tested for their efficiency attacking other H. halys life stages.
Forficulidae species were the prominent predator observed in sentinel egg studies and attacked more eggs than any other observed predator (Poley 2017) . We were unsuccessful at demonstrating F. auricularia attack on eggs in the laboratory environment, where just one individual attacked two eggs in preliminary experiments. To try and understand the conditions necessary to induce F. auricularia attack, we manipulated the experimental environment. Manipulations included changes in starvation period, affixing the egg masses to synthetic plants to mimic the natural environment, day length and temperature changes, and competition where 2+ individuals were placed in the arena together. Recent studies have been successful at demonstrating Forficulidae spp. attack on H. halys eggs, where 56% of individuals tested attacked eggs (Morrison et al. 2016) . Forficulidae spp. have been cited as important predators of insect pests in tree fruit (Buxton 1974 , Suckling et al. 2006 ) and should be further studied to examine predation efficiency against first and second H. halys instars.
Of the predators tested to determine functional response, O. insidiosus attacked the lowest proportion of eggs. O. insidiosus exhibited a weak Type II response but the data were better explained with a linear model. We can interpret this to mean that there is potential for this predator to have a stabilizing effect on H. halys eggs but it is unable to be clearly defined by this dataset. Coll and Ridgway (1995) suggest that O. insidiosus predation efficiency is influenced by the structure of the host plant they are foraging on. O. insidiosus exhibited a Type II response on peppers and beans and a Type I response on tomatoes, suggesting a lower searching efficiency when foraging on this plant. In sentinel egg studies (Poley 2017) , O. insidiosus were observed interacting with egg masses only on tomatoes in Michigan. The egg density by area was modified for O. insidiosus due to the smaller arena size given to this predator. This difference could be manifested in the results through an overestimate of searching efficiency and prey detection, which would alter our estimates of handling time and attack rate.
We investigated the functional response of three Orthopteran families and the results were variable. The gryllid species tested, A. domesticus, was the only predator for which theoretical maximum consumption could be estimated, approximately seven and four egg masses per 24 h for females and males, respectively. Our results suggest that gryllids could be an effective source of H. halys pest suppression, particularly at low pest densities, which coincides with the findings of a recent sentinel egg and laboratory study (Morrison et al. 2016 ). However, A. domesticus is a field cricket and may not encounter H. halys eggs in nature. We observed tree crickets (Oecanthinae) attacking eggs on video surveillance (Poley 2017) ; therefore, effort should be made to understand the predation efficiency of additional gryllid species on H. halys eggs.
We also tested species of Acrididae and Tettigoniidae. M. femurrubrum females exhibited a weak Type II response while males initially indicated a Type III, density-dependent response, although the data were better described by a Type I response. The data were likely too variable to see this relationship clearly. If males do indeed exhibit a Type III response under field conditions, there is high potential for M. femurrubrum to have a stabilizing effect on H. halys eggs but further testing should be conducted to clarify this relationship and to determine whether this predator is likely encounter H. halys egg masses in nature. M. femurrubrum is typically found in grasses and forbs and is also considered a crop pest in alfalfa, soybean, and various vegetables (Pfadt 1994) which should be taken into account when considering this predator as a source of pest suppression.
Tettigoniids have the ability to consume a large number of H. halys eggs and are abundant in agroecosystems where H. halys are also found (Morrison et al. 2016) . In this study, C. fasciatus were not well described by any response type and showed high variability in predation rates. We were able to complete only six of the intended ten replicates of our functional response testing due to predator availability, which could explain the apparent lack of trend in the data. In addition, only females were used due to prey availability. Further testing should include both sexes and other life stages of this predator to obtain a clearer understanding of the species' efficiency against H. halys. C. fasciatus are primarily found in grassland habitats, which is not where high pest densities of H. halys eggs are likely to be encountered. Furthermore, widespread omnivory in tettigoniids may make C. fasciatus an unpredictable predator (Gwynne 2008 , Morrison et al. 2016 ) Tettigoniids are typically classified as a 'chewing' predator (Morrison et al. 2016 , Poley 2017 ; however, we found predation by C. fasciatus to appear more like the 'punctured sucking' of predators such as spiders indicating potential underestimation of tettigoniids as predators.
A number of studies in the functional response literature discuss the shortcomings of simplified, laboratory experiments to investigate the functional response of arthropod predators (O'Neil 1989 , Wiedenmann and O'Neil 1991 , Schenk and Bacher 2002 , Hassanpour et al. 2011 . Laboratory studies such as ours do not take into account alternative prey as could be encountered in nature. Furthermore, under laboratory conditions, the attack rate of a predator is limited by its handling time, but under field conditions, predators are limited more by size of the searching area and time (O'Neil 1989, Wiedenmann and O'Neil 1991) , which could overinflate the likelihood of obtaining a Type II response. We tested predator efficiency with a single, unfamiliar prey choice, which might be of little value for predicting predator behavior in nature where multiple prey is available (Schenk and Bacher 2002) . A multiple-choice test using a preferred prey source could aid in determining whether a predator will be a density-dependent mortality factor for H. halys (Murdoch and Oaten 1975) . Future studies should examine each predators' relative preference for other prey species, evaluate the nutritional value of H. halys eggs to each predator, investigate the predation efficiency of generalist predators under field conditions, and incorporate information on where the predators live vis-à-vis where H. halys lays its eggs.
This study improved our understanding of generalist predator interactions to this novel pest. We can conclude that the utilization of these predators as biological control agents, with the possible exception of A. domesticus, will not provide pest suppression at high densities but may contribute to establishment mortality of H. halys at low densities.
